7.1. Introduction {#sc0010}
=================

Makino

Hisao

Because nanoparticles have superior surface activity and can be applied to the production of particles with various functions, they are extremely important for the future development of sophisticated material technologies. On the other hand, this superior activity of nanoparticles is a cause of trouble from the perspective of safety and does not always have a positive influence on the environment. Attention must also be paid to impact on health. Nevertheless, all technologies have negative aspects, and overcoming these kinds of problems, we will be able to utilize the superior characteristics of nanoparticles for practical purposes. To achieve this goal, it is necessary to fully understand the influence of nanoparticles on the environment and the relevant safety issues.

This chapter evaluates the relationship between nanoparticles and the environment and also describes the trouble caused by nanoparticles and the safety issues.

The relationship between nanoparticles and the environment will be clarified from the viewpoint of what kind of influence nanoparticles generated either artificially or naturally have on the environment. The influence on the indoor environment, where nanoparticles are produced, will also be clarified.

The safety of nanoparticles will be clearly described from the perspective of the trouble caused by the superior surface activity of nanoparticles: the effect of the compositional characteristics of nanoparticles and also the influence on health. A method for assessing the influence of nanoparticles using quantum dots is also explained. In the final section, methods for removing nanoparticles from gas and liquid are described as technology to control the influence of nanoparticles on the environment.

7.2. Nanoparticles and Environment {#sc0015}
==================================

7.2.1. Nanoparticles in Atmospheric Environment {#s0020}
-----------------------------------------------

Hitoshi Emi

In our atmospheric environment, particles ranging from several nanometers to several 10th micron orders are suspended. They are emitted into the atmosphere at the rate of 2.5 billion tons every year. Emission sources are classified as either natural or artificial.

Natural particles occupy 60% of total particles, consisting mainly of salt particles (∼1 billion ton) from the sea and soil particles (∼0.5 billion ton) from the land. On the other hand, the latter particles are brought about by human activities. Although occupying only 16% of the total emitted particles, their size is mostly of submicron order; and because they contain hazardous chemical components such as nitrates, sulfates, hydrocarbons, heavy metals, etc., in high concentration, their effects on the ecosystem are serious.

[Fig. 7.2.1](#f0010){ref-type="fig"} shows an overview of the size and concentration ranges of various aerosol particles. As it can be seen, the number concentration of atmospheric aerosol which we inhale every day ranges from several thousand particles per cm^3^ in clean area to several hundred thousands in dusty areas, and the size range lies between 10 nm and several tens of micrometer.Figure 7.2.1Particle size and concentration of various aerosols.

[Fig. 7.2.2](#f0015){ref-type="fig"} shows mass-based size distribution of atmospheric aerosol particles. Because the size distribution in the nanosize range appears only when the sources of particle generation exist, the size distribution is usually bimodal with peaks in the size range of a few to 10 micron and submicron. The former peak consists of naturally generated coarse particles such as soil dust, sea salt spray, and so on. On the contrary, the latter contains plenty of artificially generated particles, some of which grow from molecules (in most cases vapor state) exhausted by human activities through chemical reaction, condensation, and coagulation. Particle growth rarely leads to particles larger than 1 μm unless high concentration of vapors or particulate matters that cause the above-mentioned growth mechanisms exist in the atmosphere.Figure 7.2.2Mass-based size distribution of atmospheric aerosols.

As it can be seen from the differences in the particle generation process, fine particles generated from molecules or nanoparticles are much more complicated in their chemical component than the coarse particles and sometimes have serious adverse health effects. Such fine particles are called PM2.5, which is defined for particles less than 2.5 μm including nanosized particles. Recent epidemiologic investigation reports that the concentration of PM2.5 showed a positive correlation to the mortality due to pulmonary diseases [@bib1].

Various research techniques are used to understand the process of particle growth and to trace back to the source of pollution. An example is shown in [Fig. 7.2.3](#f0020){ref-type="fig"} where a characteristic function of sulfur dioxide is shown taking into account all possible factors related to particle growth. Where *f* is the characteristic function that expresses particle size, particle concentration, particle composition, and so on [@bib2], [@bib3]. Figure 7.2.3Generation mechanisms of atmospheric nanoparticles and characteristics function.

7.2.2. Groundwater Environments and Nanoparticles {#s0025}
-------------------------------------------------

Hisao Makino and Akimasa Yamaguchi

Particulate materials in water are present in the form of colloids. These colloid particles are classified into inorganic colloids. Examples of the former are oxides of aluminum, silicon, and other substances, and typical examples of the latter are substances such as humic acid and fulvic acid. While the structure and molecular weight of particles vary depending on the area of water, it is known that what are usually present in water are comparatively small colloids (particles smaller than 500 nm). The number concentration of colloid particles in groundwater, or a typical water area environment, ranges from 10^11^ to 10^20^ (number/m^3^) and varies significantly depending on the geochemical conditions of the aquifer.

It is known that in moving water, colloid particles sometimes act as a medium in conjunction with water and in some cases move faster than water.

[Fig. 7.2.4](#f0025){ref-type="fig"} [@bib4] is a conceptual figure showing colloid movement in soil strata. A is a heterogeneous layer composed of macropores formed in rotten roots close to the ground surface. When rain falls, colloids move through macropores saturated with water. B is a saturated homogeneous porous layer such as a sand layer, and most of the colloid particles are trapped. The mechanism of particle trap in this layer is explained by the sand filtration theory. C and D are a gravel layer and a rock bed, respectively, and both have high water permeability with large gaps and cracks. Particles can also pass through easily.Figure 7.2.4Concept of colloid movements in soil strata.

Safety and movement characteristics of colloid particles have a significant influence on the movement of materials such as ionized molecules in aquatic environments. Because fine particles such as nanoparticles in particular are highly stable as colloid particles, it will be very important in the future to understand their influence. At the same time, these characteristics are considered to have a high potential to be developed for further application of nanoparticles.

7.2.3. Nanoparticles in Exhaust Gases {#s0030}
-------------------------------------

Hisao Makino and Akimasa Yamaguchi

In most cases, nanoparticles in exhaust gases are studied from the viewpoint of the influence of total particulate matters on the environment. The terms "nanoparticles" is used only in a few cases and "fine particles" is usually used for investigation. Because nanoparticles are part of fine particles, this section will be described from this perspective.

Major sources of combustion exhaust gases are stationary large-scale combustors and diesel engines for stationary and portable use.

For stationary combustors, fuels such as coal, oil, and gas are used. Lighter fuels have a lower rate of particulate emission but have a higher fine particle content including nanoparticles. [Fig. 7.2.5](#f0030){ref-type="fig"} [@bib5] shows the frequency distribution in combustion of coal and heavy oil. [Fig. 7.2.5A and B](#f0030){ref-type="fig"} are the distributions on a number and mass basis, respectively. As these figures clearly show, the total weight of particles of a size of 1 μm or smaller is extremely low, whereas their total number is, on the contrary, very large. It is clear that, while the total quantity of particulate material is far larger in coal combustion than in oil combustion, the difference is less when it comes to particles 1 μm or less in diameter, including nanoparticles.Figure 7.2.5(A) Particle size distribution on number basis at combustor outlet. (B) Particle size distribution on mass basis at combustor outlet.

Most of the particles contained in pulverized coal combustion exhaust gases are considered to be formed as particulate materials directly from ash content, which is originally contained in coal and also includes some unburned carbon. Particularly, almost all large-size particles are considered to be this type of particle. On the other hand, fine particles include two types. One type is formed in the process by which low boiling point metal contained in coal ash is evaporated and vaporized in a high-temperature combustion field and then becomes particles in the exhaust gas cooling process. The other includes carbon particles formed in the gas phase, or so-called soot, which is generated due to the delay in oxygen supply for combustion of evaporated volatile matter in the initial stage.

[Fig. 7.2.6](#f0035){ref-type="fig"} [@bib6] shows the relationship between the trace metal content in coal ash and the particle diameter. Aluminum with a high boiling point has a constant concentration regardless of the particle diameter. However, it is obvious that in the case of metals with a lower boiling point, the smaller the particle diameter, the larger the content. With regard to particles with sizes 1 μm or smaller in the nano domain, it has been clarified that the generated amount is increased rapidly by reducing combustion air supply or by weakening the oxidation atmosphere in the volatile matter combustion area, for example, when air supply from a burner is reduced in two-stage combustion. This also demonstrates the significant contribution of carbon particles formed in the gas phase.Figure 7.2.6Influence of particle diameter on trace element contents.

Also in the case of ash from heavy oil combustion, there are large particles of a carbon residue type generated from sprayed liquid particles and particles formed in the gas phase as well. As in the case of coal, trace metal contained in heavy oil with a low boiling point is concentrated into fine particles and discharged. Also in the case of the combustion of liquefied natural gas, carbon particles formed in the gas phase are generated, albeit in trace amounts.

In contrast, only in the case of diesel engines, fuel is injected into the high-temperature and high-pressure atmosphere produced by compressing only air to induce spontaneous ignition, and combustion continues with a heterogeneous mixture of fuel and air in the combustion chamber. Therefore, particulate materials mainly consisting of unburnt carbon are generated due to incomplete combustion.

[Fig. 7.2.7](#f0040){ref-type="fig"} [@bib7] shows changes in the diameter of particles according to changes in the diesel engine load. It is obvious that the overall concentration of particles increases with the increase in the load rate of the engine. According to observations using scanning electron microscope, fine particles in diesel engine exhaust gases have also been found to comprise fine primary particles of a size several tens of nanometers, and coarse particles with carbon hydride condensed on the surface of secondary aggregates of primary particles. Figure 7.2.7Particle size distribution measured by differential mobility analyzer.

7.2.4. Nanoparticles in Wastewater {#s0035}
----------------------------------

Eiji Iritani

The volume of industrial and domestic wastewater is increasing significantly year by year with the change in the lifestyle based on mass consumption and mass disposal brought about by the dramatic development of the economy and industry. Effective advanced wastewater treatment is required because wastewater contains a variety of constituents such as particles, organic materials, and emulsion depending on the resource.

Inorganic nanoparticles are not generally stabilized in the liquid because they form aggregates of some sort more or less. For wastewater reclamation and reuse, these nanoparticles can be removed from the liquid by the advanced treatment processes such as membrane filtration following biological treatment processes. Organic materials such as macromolecules are regarded as soft nanoparticles judging from their sizes, in contrast with hard inorganic particles.

### 7.2.4.1. Inorganic Wastewater {#s0040}

Chemical mechanical polishing (CMP) is one of the fastest growing processes in semiconductor industry, and it has become an integral part of the state-of-the-art fabrication line for the multilayer wiring board of large-scale integrated circuit. Besides the semiconductor devices, CMP is widely applied to the magnetic head, the magnetic memory, and the imaging devices. The process is primarily used for polishing the device side of a semiconductor wafer through the mechanical downforce of slurry abrasive in combination with chemical oxidation of wafer surface. In general, colloidal silica is used as abrasive slurry to planarize the oxide wafer surface. Particles in slurry are highly charged to avoid aggregations between particles or between particles and wafer surfaces. During the process, large volumes of ultrapure water are consumed to clean the surface of the wafer, which generates large quantity of CMP wastewater typically having high solid content resulting from slurry abrasive particles of SiO~2~, Al~2~O~3~, or CeO~2~, depending on the nature of the CMP application. The quantity of CMP wastewater generated is expected to increase proportionally with the growing needs of the CMP processes. As a result, the treatment and reuse of CMP wastewater has become increasingly necessary. The CMP wastewater has been generally treated with the conventional chemical coagulation--sedimentation process, producing large quantity of sludge. Currently, a membrane filtration process coupled with chemical pretreatment is used to separate the nanoscale particles from the CMP wastewater to reclaim the water [@bib8], [@bib9].

Wastewater of nanosized metal colloid, which is hard to be removed by coagulation--sedimentation process, is discharged in such diverse fields as metalworking factory, electronic components factory, and pigment-manufacturing factory [@bib10]. It is reported that various trace elements of heavy metal are contained in wastewater discharged from a pulp production plant [@bib11]. A spent emulsion, which contains nanosized copper colloid, is discharged from plants manufacturing copper cables for electrical industry, and the treatment for purification of effluents is examined by the integrated membrane system based on ultrafiltration (UF) and nanofiltration (NF) [@bib12]. A glass company generates the wastewater containing fine clay and glass particles from the grinding process of glass surfaces during production of Cathode-ray tube glass used for TVs and monitors. Separation of fine clay and glass particles by microfiltration (MF)/UF is examined to treat glass industry wastewater for reuse in the manufacturing process [@bib13].

### 7.2.4.2. Organic Wastewater {#s0045}

The colored substances are free from regulatory constraint of water quality so far because they are not considered hazardous substances. However, water color is being recently used as a standard for the judgment of the purity in water because the removal of color becomes important for wastewater reclamation and reuse.

Dye works are scattered across the country as the industry with local tradition. The dyehouse effluent is discharged in large quantity, and it has extremely complex composition because it contains not only dye but also dyeing aid and finishing agent. In general, dye cannot be removed by standard biological treatment because of its low environmental biodegradability. Dye wastewater is treated by coagulation--sedimentation and activated sludge processes, and nanoparticles produced in the course of the treatment are released into the environment [@bib14].

The color is often imparted by organic substances, predominantly humic substances. Aquatic humic substances including humic and fulvic acids are a term referring to a broad class of naturally occurring mixture of organic compounds, ubiquitous in surface waters, groundwaters, and soil pore waters. They are a complex mixture of heterogeneous organic materials in terms of elemental composition, chemical functionality, and molecular size distribution because humic substances can be derived from any organic materials, including plant and animal debris, microfauna, biowaste, pesticide, and others. The molecular weights of humic acids range from several thousands to several tens of thousands daltons, and those of fulvic acids range from several tens of thousands to several hundred thousands daltons. Because of this versatility, humic substances are known to significantly affect the behavior of some pollutants in natural environments, such as trace metal speciation and toxicity, solubilization and adsorption of hydrophobic organic compounds, and disinfection by-product formation [@bib15].

Melanoidins are natural polymeric compounds of dark brown color, and they are closely related to humic substances. They are produced by a set of consecutive and parallel nonenzymatic reactions taking place between amino compounds and carbohydrates during a Maillard reaction [@bib16]. They are contained in the molasses wastewater from alcohol distillery, sugar-processing and refinery industry, and glutamate-processing industry. Such wastewater containing melanoidins has frequently caused a coloration problem of water environment, and thus the suitable decolorization treatment is required in many fermentation and sugar industries using molasses. Treatments by flocculation, ozonation, and electrolysis are promising in color removal [@bib17].

Food-processing wastewater usually contains a variety of organic materials in varying degree of concentration. In cheesemaking in the dairy products industry, only ∼10% of the initial milk volume becomes product, cheese, and the other 90% becomes by-product, liquid cheese whey. Because cheese whey is a protein- and lactose-rich by-product of cheese production, its cost-effective utilization is becoming increasingly important. Recent developments in membrane technology have provided exciting new opportunities for large-scale protein and lactose fractionation in whey treatment [@bib18]. In textile industry, typically it takes over 100 L of water to process just 1 kg of textile material. Not only the washing water must be treated to recover important by-products such as lanolin but bleaching and dyeing chemicals must also be removed before discharge back to the rivers [@bib19].

Surfactants are a primary constituent of the detergent used in the household routinely, and also they are widely used in industry and agriculture because they have several functions such as washing, emulsification, and dispersion. The surfactants are usually present in the solution in the form of the micelle, and large amounts of surfactant wastewater are discharged in the rivers [@bib20]. Pesticides whose molecular weight ranged from 200 to 400 Da (∼1 nm) have been used in great quantities not only for agricultural use but also in golf links and resort. Therefore, the wastewater and effluent treatments have become an important issue, and pesticide separation by NF membranes is found to be very efficient [@bib21].

The potential reclamation of high-quality water produced by the advanced treatment of the secondary effluent of the municipal sewage has come a long way in recent years. The sewage contains various components such as virus [@bib22], pharmaceutical substances [@bib23], and endocrine disrupting compounds derived from zoonotic excretory substances [@bib24]. The advanced treatment of such chemical contaminants at low level becomes increasingly important.

As mentioned above, the removal of nanoparticles contained in wastewater is stringently required to recycle the reclaimed wastewater in a wide variety of industries such as chemical industry, textile industry, pulp and papermaking industry, food-processing industry, dairy products industry, and pharmaceutical industry. Also for domestic wastewater, the reuse of the reclaimed wastewater for nonpotable purposes is becoming more and more important, and this is expected to raise awareness of the behaviors of nanoparticles contained in wastewater to upgrade the water treatment processes.

7.2.5. Indoor Environments and Nanoparticles {#s0050}
--------------------------------------------

Norikazu Namiki

In recent urbanized lifestyles people tend to spend more time in enclosed buildings or residences than outdoors. Therefore, it is of great importance to characterize indoor particles and correlate between indoor and outdoor ones from the viewpoint of evaluating the influence of indoor air quality on human health.

As shown in [Table 7.2.1](#t0010){ref-type="table"} , indoor nanoparticles originate from the several sources such as products of chemical reactions, nonvolatile residues (NVRs) of liquid droplets, printers/photocopiers, combustion, bioaerosols, and infiltration of outdoor air.Table 7.2.1Main Generation Sources of Indoor NanoparticlesChemical reaction by ozoneTerpenes (α-pinene, limonene)---ozone reaction, formation of irritant productsNonvolatile residues of dropletsAtomization-type air humidifier and cleanerPrintersSatellite particles from ink-jet printer, toner-originated matters from laser printerCombustionCooking by gas stoves, cigarette smoking, incense smokingBioaerosolsVirusOutdoor sourcesPenetration of outdoor nanoparticles through windows and other house openings

### 7.2.5.1. Secondary Particle Formation by Gas-Phase Ozonolysis {#s0055}

For particle formation resulting from chemical reaction via ozone, the reaction of terpenes is very common in indoor environments and atmospheric ones. Terpenes are emitted from fragrance-containing vegetable oils such as pine oil and citrus oil and wooden materials including woody furniture [@bib25].

Meanwhile, sources of emission of ozone are air cleaners, air-conditioners, laser printers using corona discharge, and infiltration of outdoor air. Terpenes are generic terms of unsaturated organic compounds that are composed of isoprene as unit (e.g., α-pinene and limonene). These compounds used for household applications readily react with ozone because they have one or more double bonds. It has been proposed that, as shown in [Fig. 7.2.8](#f0045){ref-type="fig"} , the reaction mainly proceeds to form less volatile pinonic acid via pinonaldehyde of intermediate [@bib26].Figure 7.2.8Reaction path of α-pinene ozonolysis.

Furthermore, the acid-catalyzed reaction allows the products to convert into higher molecular weight compounds by the polymerization via carbonyl groups in the aldehydes and the aldol condensation [@bib27].

It has been reported that the resultant generated particles have a size distribution with a peak diameter of about 30 nm, and that the products by terpenes ozonolysis irritate human airways [@bib28].

### 7.2.5.2. Nonvolatile Residue of Liquid Droplets {#s0060}

Nanoparticles are also generated from air humidifiers or negative air--ion generators in which water is atomized. In general, humidifiers are mainly categorized into vaporization type and atomization type [@bib29]. The former does not entrain impurities in water when it is fed into indoor spaces of interest. Meanwhile, the latter has the drawback that NVRs are suspended in spaces to be humidified by feeding water via spraying and sonication. The NVRs in tap water include colloidal particles and soluble fractions such as silicates, sulfates, carbonates, and chlorides. The size of NVR particles, *D* ~p_r~, can be estimated from the following equation:$$D_{\text{p}\_\text{r}} = D_{\text{p}\_\text{m}}\sqrt[3]{\frac{C\rho_{\text{m}}}{\rho_{\text{r}}}}$$where *D* ~p_m~ is the droplet size, *C* is the mass fraction of NVR in the droplets, *ρ* ~m~ is the droplet density, and *ρ* ~r~ is the NVR particle density, respectively. Assuming that 2 μm-sized droplets (*ρ* ~m~  = 1000 kg/m^3^, *ρ* ~r~  = 2500 kg/m^3^) are formed by an ultrasonic nebulizer, and the mass fraction of NVR in city water is 100 ppm (10^−4^), the NVR particle size, *D* ~p_r~ is estimated to be 68 nm.

Recently, a wide variety of negative ion generators using the Lenard effect, corona discharge, UV/photoelectron emission, and electrospray have been commercialized and attention has been focused on features such as air purification and physiological activation [@bib30]. Among them there are the ion generators that atomize water based on the Lenard effect, and electrospray form the NVR particles as by-product in addition to ion products if the supplied water contains nonvolatile impurities.

[Fig. 7.2.9](#f0050){ref-type="fig"} shows an example of electrical mobility distribution for ions generated by the electrospray method (positive in this case) [@bib31]. This method atomizes liquid fed to a tip of a capillary electrode to form fine droplets with large amounts of charge by applying high voltage between the tip and the downstream counter electrode. When water in the generated droplets evaporates and their surface charge density attains the charge limit called "Rayleigh limit," this phenomenon induces their self-fragmentation followed by the formation of a high concentration of cluster ions. In this figure, the high-mobility peak on the right side corresponds to the cluster ions. These ions are 2 nm in size assuming that they are singly charged. Meanwhile, another peak on the figure results from NVR in water and then its height increases with the increase in the fraction of tap water in the fed liquid. The electrical mobility equivalent size of NVR particles measured by differential mobility analyzer--condensation nucleus counter method ranges from 10 to 20 nm and their concentration is on the order of 10^4^ particles/cm^3^. Comparing the aforementioned electrical mobility distribution with the particle size one, the NVR nanoparticles are estimated to hold about 100 charges.Figure 7.2.9Electrical mobility distribution of cluster ions and nonvolatile residue (NVR) particles generated by the electrospray method.

### 7.2.5.3. Laser Printers and Photocopiers {#s0065}

Accompanying the recent proliferation of computers, the use of ink-jet printers and electrophotographic machines such as laser printer and photocopier is becoming common in homes and offices. It has been reported that these devices emit various sorts of pollutants. The eco-friendliness-oriented standards such as Blue Angle Standard [@bib32] regulate the maximum permissible limits of benzene, styrene, total volatile organic compounds, ozone, and particles. As the regulation of particles is based on the emitted mass per hour, mainly the relatively coarser particles such as toner and dust adhering to paper have been targeted. However, some reports have revealed that nanoparticles are emitted from ink-jet printers or laser printers [@bib33]. [Fig. 7.2.10](#f0055){ref-type="fig"} depicts the size distribution of particles emitted from a laser printer measured by a scanning mobility particle sizer. As seen in the figure, nanoparticles with a peak diameter of around 30 nm are generated in printing mode, whereas the emission in the case of feeding paper without printing is about one-third of the normal printing mode. Furthermore, these particles were dried by passing them through a diffusion dryer because they are thought to originate from the nucleation of water vapor emitted from papers in the fixation process. As a result, it was found that most particles formed in the paper feed mode evaporated and then vanished, whereas particles in the printing mode contained nonvolatile components and water. From these results it is anticipated that the particles are derived from styrene remaining in the toner even though their composition has still not been identified.Figure 7.2.10Size distribution of nanoparticles generated from a laser printer.

Meanwhile, it is thought that during ink discharge ink-jet printers emit not only the main ink droplets but also their satellites (about 1 μm) to result in nanometer-sized NVRs during printing.

### 7.2.5.4. Combustion {#s0070}

One of the most significant sources of indoor nanoparticles relevant to combustion is cooking such as frying and sautéing [@bib34]. Some reports said that over 90% of the particles by number were in the ultrafine fraction range during cooking with bimodal peaks at 60 and 10 nm, attaining the number concentration on the order of 10^5^ particles/m^3^ and the emission rate of 10^14^ particles/h. Owing to lifestyles in Asian countries, cigarette smoke, incense, and mosquito coils also contribute to indoor nanoparticle levels [@bib35]. It was reported that especially in the Indian subcontinent the combustion of biofuels such as straw and dried cattle manure used for cooking could have a significant impact on climate change in the South Asian region [@bib36].

Sidestream cigarette smoke also contains nanoparticles, having a concentration distribution with the main peak between 0.1 and 0.2 μm [@bib37]. In addition, it was found that nanoparticles of a peak size of 30 nm formed by the nucleation of vapor fraction in filtered sidestream smoke immediately after burning when the dilution of smoke by air was insufficient [@bib38]. Attention should be paid to air cleaners when a high concentration of cigarette smoke has to be treated by the cleaners using a single unit air filter.

### 7.2.5.5. Bioaerosols {#s0075}

Airborne virus particles or virions are typically in the 20--400 nm size range and are a good example of nanoparticle bioaerosols. Smaller viruses typically contain one subunit, which consists of an outer protein capsid, internal nucleic acid (e.g., DNA and RNA), and other internal proteins. Corona virus that causes SARS and influenza are good examples of them. The viruses most often are transmitted through direct contact with an infected person, such as by shaking hands, hugging, or kissing, while sometimes it is spread by nasal droplets. However, it is still unknown how these virus particles behave in the case of airborne infection. Recently, the studies that attempt to elucidate the behavior have been progressing [@bib39].

7.2.6. Industrial Processes and Nanoparticles {#s0080}
---------------------------------------------

Norikazu Namiki

This section describes the sources of nanoparticle generation in industrial processes by categorizing them into specific processes where a cleanroom is used and other general ones.

### 7.2.6.1. General Industrial Processes {#s0085}

The sources of emission of unwanted nanoparticles in general workplaces are categorized as fumes from hot processes (e.g., smelting, refining, and welding) and from (incomplete) combustion processes. Favorable conditions required for the generation of nanoparticles are found in workplaces where there is (1) presence of vaporizable material, (2) sufficiently high temperature to produce enough vapor, followed by condensation to form an independent aerosol, and (3) rapid cooling and a large temperature gradient.

There have been so many studies on occupational exposure to fine particles in the field of public health. In general, high spikes of nanoparticle concentration are observed during active operations, followed by a gradual decay after the operation primarily because of coagulation, evaporation, dilution, and/or deposition. The fraction of the total number of nanoparticles generally decreases, whereas that of the number of submicrometer particles increases with time and distance from the point of emission. To accurately estimate exposure, the effects of spatial and temporal changes will need to be evaluated. Therefore, it is important to identify the time required for the concentration to decline to the normal or background levels.

As an example of reports on grinding processes, [Fig. 7.2.11](#f0060){ref-type="fig"} shows the case where a steel substrate was ground on using a high-speed grinder [@bib40]. From the figure the distribution of concentration of generated particles has a distinct bimodality, one with the finer peak at around 10 nm and the coarser one at around 1 μm. The former results from within the grinder motor and the volatilization or combustion of amenable ground substrate and/or grinding materials and the latter from the mechanical abrasion and attrition. However, the resultant total concentration on the order of 10^5^ particles/cm^3^ is not so high.Figure 7.2.11Size distribution of nanoparticles generated when a steel plate was ground with a high-speed grinder.

### 7.2.6.2. Industrial Processes With Cleanrooms {#s0090}

Cleanrooms and associated controlled environments (e.g., in the case of an ISO Class 3 cleanroom, the maximum permissible airborne particle concentration is less than 10^3^ particles/m^3^ for particles with the size of 0.1 μm or larger, whereas the airborne particle concentration in ordinary indoor environments is on the order of 10^9^ particles/m^3^ or higher) are usually adopted to avoid particle contamination in industrial processes where precision products such as engineered nanoparticles, semiconductors, and other electronic or optical devices are fabricated because the deposition of particles onto product surfaces causes their yield reduction and quality deterioration. The emission sources in cleanroom environments are tabulated in [Table 7.2.2](#t0015){ref-type="table"} . Because some of the listed emission sources emit trace amounts of nanoparticles, these nanoparticles are not regarded as particulate contaminant but as chemical or molecular one. In this section, these nanometer-sized solid substances formed on solid surfaces by chemical reaction are also included.Table 7.2.2Main Sources of Emission Nanoparticles in Cleanroom EnvironmentsExhaled air of humanCorona-discharge ionizer (e.g., gas-to-particle conversion of low molecular weight cyclosiloxane)Boron-containing particles from borosilicate glass fibers of high-efficiency particulate air filterHaze by chemical reaction on solid surfaces (precipitation of ammonium salt and silica)Watermark on wafer surfaces at dryingLeakage from thin film and nanoparticles-processing equipment

#### 7.2.6.2.1. Air Exhaled by Humans {#s0095}

Emissions from human bodies are a minor contribution in ordinary indoor situations because airborne particle concentration in such places is quite high, whereas the emission cannot be seen as negligible in cleanroom environments. The major human emissions are thought to be atmospheric dust deposited on clothes and skin fragments, and most of these particles are submicrometer in size. Meanwhile, particles in exhaled air are composed of fine liquid droplets from spittle (99.5% of water) and then evaporate to form nanoparticles of NVR.

In [Fig. 7.2.12](#f0065){ref-type="fig"} an example of size distributions of particles in exhaled air before and after smoking is shown [@bib41]. When measuring particles in exhaled air, the air was introduced into a measuring device after drying them by passing them through a diffusion dryer. The size distribution of particles in exhaled air before smoking (*N* ~db~  = 0) has a bimodality, one with the peak size of 0.2 μm and the other of 20 nm or smaller. The former peak comes from atmospheric aerosols as it decreases with the increase in number of deep breaths in a clean booth (*N* ~db~). The latter originates from NVR particles of spittle droplets.Figure 7.2.12Size distribution of particles in exhaled air for smoking subjects. (A) Change in particle size distribution with the number of deep breathings by subject A. (B) Change in particle size distribution with the elapsed time after one puff of smoke by subject A.

Incidentally, because smoking induces the rapid increase in number concentration of particles 0.1 μm or larger by 10^4^ times or more and for nanoparticles by about double, special attention should be paid to the management of personnel\'s clothes such as face mask when they enter a cleanroom after smoking.

#### 7.2.6.2.2. Emission From Ionizers {#s0100}

Ionizers are commonly used in cleanrooms to eliminate electrostatic charge on substrates for precision electronic devices. The most popular ionizer is a corona-discharge type.

Corona-discharge type ionizers are categorized into the following three groups; AC, DC, and pulsed-DC types. The issues of emission of contaminants such as ozone, NO~x~, and particles have been pointed out [@bib42]. These issues are also applicable to air cleaners using a corona discharger. Among these problems is that the particle emission has a potential for particle contamination onto product surfaces and eventually decline in product yield.

The particle emission, which has been studied since the 1990s, is caused by foreign particle deposition onto electrodes, electrode erosion, and gas-to-particle conversion. The issue of electrode erosion can be solved by the improvement of electrode materials, whereas for the issue of gas-to-particle conversion, the airborne molecular contamination (AMC) control to be ionized has to be made. It was reported that silicon-containing compounds that precipitated on the electrodes result from the gas-to-particle conversion of low molecular weight cyclosiloxane (LMCS) from silicone sealant via corona discharge [@bib43].

#### 7.2.6.2.3. Boron-Containing Particles From High-Efficiency Particulate Air Filter With Borosilicate Glass Fibers {#s0105}

The use of high-efficiency particulate air and ultra low penetration air filters made of borosilicate glass fibers prevails in the most cleanrooms. It has been known that owing to chemical reaction in [Eq. (7.2.2)](#fd2){ref-type="disp-formula"} BF~3~ vapor is formed from glass fiber filters by passing HF gas leaking from wet cleaning equipment through the filters. Boron, which is a dopant element for semiconductors, has been thought to be a contaminant that might cause failure in semiconductor devices if it comes from the surroundings. In addition, it has been revealed that trace amounts of boron in the form of boric acid (H~3~BO~4~) are also formed from the fibers via the reaction with moisture in the surrounding air ([Eq. 7.2.3](#fd3){ref-type="disp-formula"}).

[Fig. 7.2.13](#f0070){ref-type="fig"} depicts the change in volatilized boron mass from various filters in terms of airborne boron concentration. Especially, at the initial stage just after the initiation of ventilation, the volatilized boron mass increases with increase in relative humidity [@bib44]. Boric acid, which is solid at room temperature, is surmised to form in the particulate form. However, its existence was identified only by chemical analysis because it is present only in trace amounts.$$\left. \text{B}_{2}\text{O}_{3} + 6\text{HF}\rightarrow 2\text{BF}_{3} + 3\text{H}_{2}\text{O} \right.$$ $$\left. \text{B}_{2}\text{O}_{3} + 3\text{H}_{2}\text{O}\rightarrow 2\text{H}_{3}\text{BO}_{3} \right.$$ Figure 7.2.13Change in concentration of boron emitted from various filters at different relative humidities. *HEPA*, high-efficiency particulate air.

#### 7.2.6.2.4. Haze on Solid Surfaces by Chemical Reaction {#s0110}

Haze might form on glass surfaces of lenses and mirrors for optical instruments if they are exposed for a long time to cleanroom environments where AMCs are not controlled properly. The haze is more likely to bring about the insufficient light delivery onto a surface to be exposed in photolithographic processes. One of the reasons is that ammonium sulfate ((NH~4~)~2~SO~4~) is formed, which then precipitates on the glass surfaces via chemical reaction of sulfur dioxide (SO~2~) with ammonia or amines.

For another reason, hexamethyldisilazane used as additive in resist coating or LMCS from silicone sealant is adsorbed and then decomposed to form silica precipitates on glass surfaces by photochemical reaction during laser irradiation, followed by the unwanted decline in laser penetration [@bib45]. As another example a report said that tiny projections, which are also known as "haze," with a size of 0.2 μm or smaller were formed on silicon wafer surfaces owing to the adsorption of organosilicate compounds in thin film formation processes with chemical vapor deposition (CVD). It is similarly caused by the precipitation of SiO~2~ [@bib46].

#### 7.2.6.2.5. Watermarks on Solid Surfaces During Drying {#s0115}

When a silicon wafer surface is cleaned with deionized water and then dried in air, a watermark is formed on it via the mechanisms demonstrated in [Fig. 7.2.14](#f0075){ref-type="fig"} . Oxygen in air is dissolved and diffused into water droplets or adsorbed water on a wafer surface, followed by the formation of silicate compounds via silanol reaction. The watermark on a wafer surface is detected in the form of nanometer-sized particles by an electron microscope [@bib47].Figure 7.2.14Mechanism of watermark formation on a silicon wafer surface.

#### 7.2.6.2.6. Leakage From Nanoparticle Production Processes {#s0120}

In regard to the risks to processing equipments by nanoparticle leakage from production processes, the VDI report in Germany [@bib48] has been described in detail. The production of engineered nanoparticles can be generally categorized into two approaches. One is a "top--down" approach that is initiated with a bulk material and then breaks it into finer pieces using some form of energy such as etching, ball milling, sputtering, and laser ablation. The other approach is to synthesize materials from the atomic or molecular level by growth and assembly to form the desired nanoparticles. Processes included in this "bottom--up" category are sol--gel, CVD, flame synthesis laser pyrolysis, and so on.

Most of these processes are performed in a closed reaction chamber installed in a cleanroom or associated controlled environment. Human exposure to these engineered particles does not take place during synthesis unless there is an unexpected system failure (e.g., rupture of a seal). Human exposure is more likely to occur after the manufacturing when opening the reaction chamber, drying the products, or in the postprocess handling of the products.

The release of nanoparticles during production chamber cleaning operations is another critical point. Cleaning typically involves using water or some solvent. Brushes, sponges, or tissues used in the cleaning will carry nanoparticles into the waste stream. Disposal of the waste and wastewater may become a source of nanoparticle release into the environment.

Furthermore, conditioning of nanoparticles such as compression, coating, and composition to form final products may also result in the release to the environment and resultant exposure, although very few studies have been carried out on this subject. Recent studies [@bib49] to evaluate the aerosol discharge during the handling of carbon nanotubes showed that the generation of nanoparticles occurred under vacuum to remove spilled nanotube materials or vigorous mechanical agitation. However, they reported that the concentrations were very low. In addition, measurements of nanoparticle levels during final packaging of carbon black, which is a typical engineered nanoparticle material, showed that there was no increase in nearby air [@bib50].

7.3. Safety of Nanoparticles {#sc0020}
============================

7.3.1. Problems Caused by Nanoparticles {#s0125}
---------------------------------------

Hisao Makino

Study on the safety of nanoparticles has started only recently, and no sufficiently systemized results have been obtained. What should be noted in particular is that the possibility of radial troubles caused by particulate matters is considered to increase by the decrease of particle diameter in nanoparticles.

One typical example is the problem of dust explosion, caused by the high surface reactivity of fine particles. In other words, because nanoparticles are extremely fine particles, dust explosion is more likely to occur. Explosion is more likely to occur because fine particles are different in their composition, in that low boiling point metal can be easily condensed, as described in [Section 7.2](#sc0015){ref-type="sec"}.

However, of particular note here is that, because all particles do not necessarily exist independently in the form of a single particle, the possibility of dust explosion does not simply increase as particles become finer.

Fine particles with sizes of 1 μm or smaller such as nanoparticles have an extremely high agglomeration propensity and secondary particles can be easily generated. Therefore, in some cases they conversely behave like large particles. These are the points to be taken into consideration when studying the problems caused by nanoparticles.

As shown in [Fig. 7.3.1](#f0080){ref-type="fig"} [@bib51], the effect of the particle diameter on dust explosion tends to be that the smaller the particle diameter of the dust, the lower the minimum explosion concentration. In other words, explosion can be induced under conditions of lower concentration of particles in air as the particle diameter becomes smaller. Due to the difficulty of conducting experiments to suspend particles with the same size in a uniform concentration, this result was obtained from particles far larger than nanoparticles; however, it has been clarified qualitatively that the smaller the particle diameter, the higher the possibility of dust explosion.Figure 7.3.1Influence of particle diameter on lower limit of particle concentration for explosion.

From the perspective of composition, the possibility of explosion increases if materials that react easily with oxygen at low temperature are condensed into particles of small diameter. Therefore, with regard to the effect of particle diameter on dust explosion, more careful attention needs to be paid in the case of combined materials than in the case of uniform materials, as assumed in [Fig. 7.3.1](#f0080){ref-type="fig"}. As described before, however, because nanoparticles are considered to exist often as agglomerates, it is necessary from the perspective of the particle diameter to take into consideration the diameter of not only primary particles but also of particles after agglomeration. To address the safety of nanoparticles, it will be important in the future to elucidate their behavior in detail including these factors.

7.3.2. Health Effects on Nanoparticles {#s0130}
--------------------------------------

Toshihiko Myojo

The terms "nanoparticles" and "nanomaterial" have been used for particles of which one representative dimension, for example, diameter of particles on cross-sectional diameter of fibers, has at least 100 nm or less. Some people hold that the majority of such fine particles are exhaled without depositing in the respirator tract, and that therefore the particles may not cause pulmonary diseases. However, the properties of nanoparticles are known to be different from the bulk material they are derived from. In cases where the biological effects of bulk materials have been reported, nanosized particles of these materials may be expected to have stronger dose response for the health effects. Every effort must be made to clarify the uncertainty on the risks of these nanomaterials [@bib52]. At the present time, there is no regulation or standard for assessing the biological effects of nanomaterials, and therefore there is a paucity of toxicological data concerning nanomaterials. Much more systematic and strategic studies are needed to enable risk assessments for human health [@bib53], [@bib54], [@bib55], [@bib56], [@bib57].

As regards risk assessment and risk management of nanomaterials, the characterization and identification of anticipated risks should be first determined for chemical substances or foods. Conventional assessment methods are applicable for water-soluble particles. For insoluble nanoparticles, the assessment of potential health hazards should be made based on their properties or toxicity and dose--response relationship. The risk is a product of hazard and exposure; even if a nanoparticle has a hazard, the risk is lower when the possibility of exposure to the nanoparticle is small [@bib53].

### 7.3.2.1. Exposure Routes and Uptake of Nanoparticles {#s0135}

#### 7.3.2.1.1. Exposure Routes for Nanoparticles {#s0140}

Nanoparticles can either be deliberately introduced into the body for medical purposes (drug delivery systems) or absorbed involuntarily from the environment (inhalation of nanoparticle-containing dust in the air). A distinction should also be drawn between nanoparticles manufactured for industrial application and those unintentionally generated and released in the environment, such as welding fumes or diesel exhaust particles (DEPs). In the fields of environmental science and toxicology, numerous studies on the potential health hazards caused by ultrafine particles have been conducted. Practically, there are several definitions of nanoparticles or ultrafine particles; however, findings regarding biological effects of the ultrafine particles are useful as a starting point for estimating the effects of nanoparticles on human health.

Human and animals contact with nanoparticles through various routes; nanoparticles can be inhaled in the air, swallowed in the water, ingested in food, and absorbed via the skin in cosmetics. For successful risk assessment, it is important to determine how nanomaterials or nanoparticles are used, such as composites, surface coating, or powders. Coatings or powders have the potential to release a part of their nanomaterials into the environment. Workers who come into contact with nanomaterials have the possibility of exposure to nanoparticles at the workplace. Consumers of products using nanotechnology can also be exposed to them. Attention needs to be paid to the environments and ecosystems in which nanoparticles and nanomaterials are released. Nanoparticles in the products may change their size, quantity, and composition during their life cycle of manufacturing, use, transportation, and disposal.

#### 7.3.2.1.2. Respiratory Uptake of Nanoparticles {#s0145}

Inhalation is the main route of exposure to nanoparticles. Particles inhaled with the air through the mouth and nose pass through the throat (nasopharynx and oropharynx) and tracheobronchial tree before reaching the alveolar region where oxygen moves from the alveoli to the blood and carbon dioxide moves from the blood to the alveoli. How deeply particles can penetrate and where they become deposited on each respiratory airway such as the nasal cavity, tracheobronchial tree, and the alveoli depend on their size under the various deposition mechanisms: inertial impaction, gravitational sedimentation and diffusion, etc. The respiratory airway includes the anterior nasal passage, posterior nasal passage, pharynx, larynx, trachea, main bronchi, bronchi, bronchioles, terminal bronchioles, alveolar duct, and alveoli, as shown in [Fig. 7.3.2](#f0085){ref-type="fig"} . In the human lungs, the trachea divides asymmetrically into the right main bronchus that enters the right lung where it divides into three lobes, that is, an upper, a middle, and a lower, and the left main bronchus that enters the left lung where it divides into two lobes, that is, an upper and a lower. The trachea divides into two branches, dividing progressively to the terminal alveolus.Figure 7.3.2Anatomical overview of human respiratory tract showing major structures.

To quantitatively assess the pulmonary particle deposition needs human lung morphology models, respiratory physiology--based models of the entire lung airway system, and aerosol deposition models based on many experimental findings. In 1994, the ICRP Task Group on Lung Dynamic (ICRP: the International Commission of Radiological Protection) published their revised lung model [@bib58]. The deposition, clearance, and translocation of particles in each of the compartments were described. While the model has been widely used in the nuclear field, it is applicable to conventional aerosols and radioactive aerosol. In the nuclear field, aerosols including radon progeny that used to be nanoparticles have been studied. [Fig. 7.3.3](#f0090){ref-type="fig"} shows the deposition fractions of inhaled particles per adult nasal respiration of 1.2 m^3^/h in each region recalculated for the nasopharynx, tracheobronchial, and the pulmonary (alveolar) region based on the model. Inhaled aerosol particles deposit on different regions depending on their size, for example, nanoparticles larger than 10 nm deposit mostly in the alveoli and those less than 10 nm deposit in the nasal cavity. How deeply particles penetrate into the lung depends on their size. Nanoparticles can reach pulmonary region in the lung and deposit more intensively and this, therefore, has become one of the reasons for concern about the effects of nanoparticles on human health. However, deposition of nanoparticle chainlike agglomeration and fibrous particles such as carbon nanotubes cannot be estimated by this model.Figure 7.3.3Predicted fractional deposition of inhaled particles in the nasopharyngeal, tracheobronchial, and alveolar region of human respiratory tract during nose breathing based on ICRP Publication 66 [@bib59] (Healthy adult and breathing rate is 1.2 m^3^/h). *ICRP*, the International Commission of Radiological Protection.

Most inhaled nanoparticles are deposited on the surface of the respiratory tract. Generally, if insoluble particles are deposited in the ciliated airspaces, which are lined with a mucous layer, they are transported to the digestive tract with the mucous flow by mucociliary movements. Particles deposited on nonciliated bronchioles and alveoli are phagocytosed by macrophages, which is a kind of white blood cell. As a result, their residence time is longer; however, they are usually transported to the ciliated upper part of the respiratory tract. Removal of deposited particles described above is called clearance. When the amount of deposited particles is below a certain value, no health effect is produced. In relation to a macrophage response to particles, crystalline silica is hazardous, whereas titanium dioxide is not. Pneumoconiosis is a well-known lung disease that is caused by exposure to dust particles of several micrometers in diameter. Silicosis is a typical form of pneumoconiosis resulting from exposure to crystalline silica dust and characterized by a progressive fibrosis of the lungs. The macrophage-mediated clearance (phagocytes) was effective for micron and submicron particles. It has been reported that only 20% of deposited nanoparticles were removed by the clearance mechanism [@bib59]. It has been suggested that the remaining nanoparticles may pass through the alveolar walls, penetrate into the blood or lymphatic circulation, and be transported to other organs. Many studies have shown that the smaller the particle size, the greater the mobility or they pass easily through the alveolar wall and enter into the bloodstream. It is further presumed that the mechanism of health effects of nanoparticles on cardiovascular system other than the respiratory tract is similar to that in the airborne ultrafine particles from DEP.

### 7.3.2.2. Biological Effects of Nanoparticles {#s0150}

#### 7.3.2.2.1. Biological Effects of Particulate Matters {#s0155}

In Japan, two reference values, the "administrative control levels" (ACL) and the "occupational exposure limits" (OELs), are used for the regulation of hazardous chemicals and dust (particle matters). OELs are recommended and revised every year by the Japan Society for Occupational Health. OEL (OELMean) for mean concentration of a chemical substance is defined as the reference value to the mean exposure concentration at or below which adverse health effects caused by the substance do not appear in most workers working for 8 h a day, 40 h a week under a moderate workload [@bib60]. The "threshold limit value" (TLV) has the same definition (but may not be the same values as OEL of the same substance) provided by the American Conference of Governmental Industrial Hygienists (ACGIH).

ACL is an index to determine the control class to judge the propriety of the working environment control based on the results for working environment measurement, which have been implemented for the unit work area in accordance with the Working Environment Measurement Standard. The results of working environment measurement are evaluated by classifying the working environments concerned into three control classes (Control Class I, II, and III). These classes are used as the standards to classify the level of the working environment concerned. Among those subject to working environment measurement, these standards apply to workplace where dust, lead, organic solvent, and specified chemical substances are used. Article 65 of the Industrial Safety and Health Law stipulates that certain workplaces in which harmful substances are involved or harmful work operations are performed shall be the subject to working environment measurement. A 50% cutoff size of the dust particle is set at 4 μm for both standards and is far larger than nanosized particles. OEL or ACL [@bib61] for particulate matters is usually based on mass concentration, that is, milligram per cubic meter. Therefore, if the particulate matters have broad size distribution, the contribution of nanoparticles is not large in terms of mass of particles.

Evidence from a number of toxicological studies on insoluble particles indicates that the primary determinant of the health effect of particles depends on the surface area of particles deposited [@bib62], [@bib63]. On the basis of the results from a number of in vitro studies of insoluble nanoparticles, a hypothetical cellular interaction has been proposed [@bib64]; inflammation and oxidative stress can be mediated by several primary pathways: (1) the particle surface causes oxidative stress resulting in increased intracellular calcium and gene activation; (2) transition metals released from particles result in oxidative stress, increased intracellular calcium, and gene activation; (3) cell surface receptors are activated by transition metals released from particles, resulting in subsequent gene activation; or (4) intracellular distribution of insoluble nanoparticles to mitochondria generates oxidative stress.

In the workplace, the concentration of nanoparticles may be at a high level and most of the nanoparticles become agglomerates, whereas nanoparticles will form single nanoparticle at low levels in the general environment. It is a matter of debate whether agglomerates of nanoparticles react as a larger particle or a single nanoparticle in the lung or other organs.

If insoluble particles are retained in the lung for a longer time without enough clearance mechanisms, they can cause pulmonary inflammation or pneumoconiosis. It is of interest that nanoparticles deposited in the lung can move into the blood vessel through alveolar epithelium and they can damage vessels or produce blood clots [@bib65], [@bib66]. In a recent study, nanoparticles deposited in the nose may move directly to the brain via the olfactory bulb [@bib67].

#### 7.3.2.2.2. Biological Effects of Fullerene {#s0160}

The biological effects of fullerene have being investigated intensively. In rats dosed orally with radioisotope-labeled C~60~ fullerenes, most were excreted in the feces and some were found in the urine. A small amount of them can be absorbed via the gastrointestinal tract. In contrast, in the same study, 90% of the same labeled fullerenes administered intravenously were retained after 1 week, with most found in the liver [@bib68].

LD50s (acute toxicity) by intraperitoneal injection in mice and rats were 1.2 and 0.6 g/kg, respectively. The dose of 2.5 g/kg orally in rats did not result in death. The reproductive translocation of fullerenes was also observed in mice. Fullerenes have shown mutagenic activity in Ames tests. Fullerenes have shown no skin irritation or allergic reactions [@bib69].

On the other hand, fullerenes are being tested for possible medical use. Fullerenes are basically hydrophobic but water-soluble derivatives have been synthesized to be used as drugs or its carrier. The derivative can be anticipated as drugs, for example, anti-AIDS drug. It has been stated that the toxicity of fullerenes changes due to slight structural changes including chemical modification [@bib69].

#### 7.3.2.2.3. Biological Effects of Carbon Nanotubes {#s0165}

Carbon nanotubes are chemically stable and are similar in form and size to asbestos; these characteristics have given rise to concern that carbon nanotubes may have the potential to cause pulmonary diseases such as lung cancer and mesothelioma similar to asbestos. A few data are available concerning the biological effects of carbon nanotubes. The biological effects of carbon nanotubes are being researched. Epithelioid granulomas and interstitial inflammation are induced in mice and rats following exposure to single-walled carbon nanotubes [@bib69], [@bib70], [@bib71]. Untreated carbon nanotubes contain the nanoparticles of transition metals such as iron and nickel, which are used as catalysts in forming carbon nanotubes. These nickel-containing carbon nanotubes have been reported to be toxic [@bib70].

The concentration of airborne asbestos fibers is expressed as a number concentration, that is, fibers per cubic centimeter or fiber per liter. When fiber concentrations are determined by phase contrast light microscopy, the fibers with a diameter of less than 3 μm, a length longer than 5 μm, and a length-to-diameter ratio (aspect ratio) greater than 3 are counted [@bib72]. Asbestos fibers having nanosized diameter were often observed in analyses of environmental samples using electron microscopy. International Agency for Research on Cancer (IARC) rated asbestos as a known human carcinogen (group 1) [@bib73] and the concentration of chrysotile asbestos is expressed as a risk level of 0.15 fiber/cm^3^ [@bib60]. Health effects of vitreous fibers and other asbestos substitutes have been assessed to determine their OELs or their carcinogenicity in humans. The health effects of carbon nanotubes are being intensively investigated now.

#### 7.3.2.2.4. Biological Effects of Carbon Black {#s0170}

The OEL for carbon black respirable dust is 1 mg/m^3^ and these for activated charcoal and graphite are 0.5 mg/m^3^ in each [@bib60]. In Ref. [@bib74], whereas rats and mice inhaled carbon black with a particle diameter of ∼30 nm at a concentration of 5--13 mg/m^3^ did not produce any specific changes, particles (agglomerate of small particles) of ∼450 nm at a concentration of 2--6 mg/m^3^ produced early pulmonary changes.

#### 7.3.2.2.5. Biological Effects of Metal Oxides {#s0175}

Micron-sized titanium dioxide particles are thought to have almost no toxicity and often used as a negative control substance. The OEL for titanium dioxide is 1 mg/m^3^ for respirable fraction [@bib60]. However, the results of a series of studies by Oberdörster et al. [@bib54], [@bib62], [@bib75], [@bib76] on submicron- and nanosized titanium dioxide suggested that as size decreases, inflammatory effects are intensified, and normally nontoxic substances may assume hazardous characteristics. [Fig. 7.3.4](#f0095){ref-type="fig"} shows a part of the results by Oberdörster et al. in which rats and mice were exposed to anatase titanium dioxide particles [@bib76]. Their results have been frequently cited in the discussion of whether the health effects of fine particles should be based on its mass or its surface area. In [Fig. 7.3.4](#f0095){ref-type="fig"}, percentages of neutrophils in lung lavage of rats are shown as indicators of inflammation after intratracheal instillation of different mass doses of 20 and 250 nm TiO~2~ particles. The steeper dose response of nanosized TiO~2~ particles is observed than for submicron TiO~2~ particles when the dose is expressed as mass ([Fig. 7.3.4A](#f0095){ref-type="fig"}). If the same dose--response relationship as in [Fig. 7.3.4A](#f0095){ref-type="fig"} is indicated as particle surface area ([Fig. 7.3.4B](#f0095){ref-type="fig"}), the particle surface area seems to be a more appropriate dosimetric for comparing effects of different-sized particles of the same chemical structure.Figure 7.3.4Percentage of neutrophils in lung lavage of rats as indicators of inflammation 24 h after intratracheal instillation of different mass doses of 20 and 250 nm TiO~2~ particles in rats [@bib55]. (A) The dose responses of two samples are different from each other as mass. (B) The same response relationship is shown as particle surface area.

Zinc oxide is a white powder and used in pigments. The OEL is 1 mg/m^3^ for its respirable fraction [@bib60], and the value for zinc oxide fume which causes metal fume fever is under consideration.

Nanoparticles of transition metals and rare earth elements and their oxides will be used widely. Because many of these metals and their oxides have biological effects, particular attention should be given to them.

Nickel compounds are rated as a human carcinogen (group 1) by IARC. In particular, nickel oxide is particularly insoluble among the nickel compounds and remains longer in the lung. Nanosized nickel oxide particles have greater toxicity to the lung than larger particles [@bib77], [@bib78]. Pulmonary inflammatory responses induced by nanosized cobalt particles have been reported [@bib79], [@bib80], [@bib81]. Biological effects of nanosized particles of other transient metals such as iron and manganese have received attention [@bib54].

Rare earth elements are a general term of 17 chemical elements consisting of scandium (Sc), yttrium (Y), and a lanthanide series of 15 elements from lanthanum (La) to lutetium (Lu). These elements have been used in magnetic alloy and fluorescent and hydrogen storage alloy. Particularly cerium oxide nanoparticles are frequently used as a fuel additive and are incorporated in cosmetics formulation. The potential biological and environmental effects of these elements have not sufficiently been investigated. It has been demonstrated that LD50s for these elements in oral and intravenous administration are in a range from several dozens to several thousands milligrams per kilograms, indicating that none of these elements has high toxicity. In the results of studies in which the biopersistence and the distribution of rare earth compounds in the body were investigated, for example, the compounds deposited in bones and teeth and organs including lung, liver, spleen, and kidney following intratracheal, oral, intravenous, and intraperitoneal administration. Although the compounds deposited predominantly in the liver other than bones, it has also been reported that the distribution of the compounds in the lung and spleen increased when the dose was increased [@bib82].

The demand for indium compounds has been sharply increasing. The compounds have been used in the materials for transparent electrodes for flat panel displays. In Japan, the cases of pulmonary interstitial pneumonia and pulmonary fibrosis have been reported in workers engaged in cutting and grinding of sintered indium tin oxide (ITO) and potentially having inhaled the dusts released from ITO [@bib83], [@bib84]. The biological effects of indium arsenic compounds and indium phosphorus compounds also have been investigated. The ACGIH has proposed a value of 0.1 mg/m^3^ for their TLV, and the value has been applied tentatively in Japan.

7.3.3. Safety Assessment for the Nanoparticles {#s0180}
----------------------------------------------

Kenji Yamamoto

We have been experiencing amazing progress of the technology on the processing for the nanometer-sized materials. The applications cover even biomedical engineering in addition to information technology, material, environmental science, and energy production [@bib85], [@bib86], [@bib87], [@bib88], [@bib89]. As the result, many kinds of new materials have been designed, fabricated, and discarded. From now on, this movement will be accelerated and even more new functional materials will be distributed in the world. Here, we should not forget the safety of those materials in the process of the production, usage, and discard. Without this safety assessment, we will go into the same problems as that of asbestos just we are facing now. First of all, we have to conduct experiments to reveal the minimal concentration for emergence of the toxicity. In other words, we have to fix the standard value for the threshold concentration for each material first of all. If we do not fix it, we should not use the material at any concentration, which means any engineering process could not be carried out. The applications in the various fields have started all over the world, and the safety assessment is urgently needed. In this article, we introduce the methods of the safety assessment of the semiconductor nanoparticles and describe the safety and the threshold depending on the surface treatment.

The production process and the surface treatment play one of the most important roles for the safety of the nanoparticles. Cd and Se semiconductor nanoparticles coated with ZnS are one of the most widely used for the strong intensity of the fluorescent activity. Cd oxide and Se compounds once dispersed in the trioctylphosphine oxide (TOPO) heated up to 300°C generate nanoparticles by self-assembly. Then ZnS enhances the stability of the structure and raises up the fluorescent intensity than without the coated one.

Nanoparticles, thus manufactured, as materials for a novel memory in the field of intelligence technology and as supermicro devices for laser in the field of optics, have been developed all over the world [@bib85], [@bib86], [@bib87], [@bib88], [@bib89]. These nanoparticles cannot be dissolved into water but dissolved into organic solvents such as toluene. Therefore, for biological and medical applications, various technologies for surface conjugations to make them hydrophilic [@bib90], [@bib91] have been developed. For example, nanoparticles covered with TOPO are hydrophobic because an alkyl group on them is hydrophobic. Therefore, a technology for replacing this alkyl group with hydrophilic carbonic acid (making the whole particles soluble in water) has been developed [@bib90].

Nanoparticles, thus surface treated, can be dissolved into water, like sodium salt or potassium salt. With this method, various kinds of materials have been surface conjugated.

### 7.3.3.1. The MTT Assay Method and Thresholds for Cytotoxicity {#s0185}

The MTT assay method is a way to evaluate the hazard assessment of nanoparticles, in which the activation metabolism in a mitochondrium in a cell is measured and the influence of nanoparticles on the prolification of the cell is qualitified. The MTT is a kind of tetrazolium, whose molecular formula is C~18~H~16~BrN~5~S. Taken into a cell, it is decomposed by a dehydrogenase enzyme in a mitochondrium into a pigment called "hormazan." The measurement of the fluorescence intensity of the pigment shows the prolification of the cell [@bib92], [@bib93], [@bib94].

[Fig. 7.3.5](#f0100){ref-type="fig"} shows the hazard assessment of Vero cells and kidney cells of the African Green Monkey against CdSe/ZnS nanoparticles. The horizontal axis shows the concentrations of the nanoparticles and the vertical axis the fluorescence intensity of the hormazan at 460 nm, that is, the metabolism of the cells. The figure indicates that cytotoxicity is not observed for 10^5^ cells when the concentration is less than 0.5 μM. This result means that this concentration is the threshold of the cell toxicity. Likewise, cytotoxicity is not observed for the HeLa cells and for the human primary cells. Furthermore, to find out how the sizes of nanoparticles influence the cytotoxicity, the cytotoxicities were evaluated with three kinds of quantum dots; one whose fluorescence wavelength is 640 nm, red, one with 570 nm, yellow, and the other with 520 nm, green. The following results were obtained. The largest quantum dots whose fluorescence wavelength is 640 nm show a tendency to give cytotoxicity. Cytotoxicity is observed at concentrations more than 1 μM [@bib95].Figure 7.3.5Cytotoxicity of the quantum dots by the MTT assay.

### 7.3.3.2. Measurement of Cytotoxicity by the Flow Cytometry {#s0190}

Another method to evaluate cytotoxicity is the flow cytometry [@bib96]. The MTT assay alone cannot tell whether the toxicity observed is lethal to the cells or just restrains the prolification of them. In the flow cytometry, the nuclei of dead cells are dyed with propidium iodide after the nanoparticles are taken in and the ratios of the dead cells are measured. [Fig. 7.3.6](#f0105){ref-type="fig"} shows the lethal cytotoxicity of MUA conjugated nanoparticles (520 nm, green) against Vero cells. The vertical axis indicates the numbers of the cells, and the horizontal axes show the fluorescence intensities and the cytotoxicities. These experiments also show that dead cells cannot be observed at concentrations less than 0.5 μM even though nanoparticles are taken in, as was shown in the MTT assay. However, at concentrations more than 2 μM, the nanoparticles taken in cause damage to more than the half of the cells. That is, the cytotoxicity of MUA quantum dots against cells is lethal [@bib95].Figure 7.3.6The detection of cytotoxicity with flow cytometry.

### 7.3.3.3. Relations Between Surface Conjugations of Nanoparticles and Their Safety {#s0195}

Nanoparticles have been surface conjugated for applications for various uses.

Some surface conjugations cause more grave cytotoxicity than others. Therefore, relations between surface conjugations and their safety for cells have to be considered. To find out the relations, the safety evaluations of nanoparticles surface conjugated with two materials were made, one is with MUA (quantum dots-COOH) and the other is with glycerol (quantum dots-OH) and their purified and unpurified particles. [Fig. 7.3.7](#f0110){ref-type="fig"} shows that the purification reduces the cytotoxicity for the quantum dots-OH, and that the toxicity remains the same after the purification for the quantum dots-COOH. MUA itself, a material with which particles are conjugated, has cytotoxicity. This experiment shows that toxicity against cells is connected not only with particles themselves but also with kinds of surface conjugations and degrees of purification. Figure 7.3.7Differences of surface conjugations and their cytotoxicities.

### 7.3.3.4. Quantitative Evaluation of Damaged DNA: The Comet Assay {#s0200}

It is shown in the above experiments that the toxicity of nanoparticles is lethal to cells. Next, we found out by the Comet Assay method whether the toxicity is derived from damaged DNA. The method is a way to evaluate quantitative damage of DNA by electrophoresis. The fragmented DNA seeps out of their cells by treating cells, whose DNA has been fragmented, with agarose gel to break their cell membrane and then electrophoresing them. It looks like the "tales of comets." Cells, whose DNA has not been fragmented, have their nuclei keeping their spherical shape after electrophoresis, and the tales of comets cannot be observed [@bib97], [@bib98], [@bib99], [@bib100].

[Fig. 7.3.8](#f0115){ref-type="fig"} shows the results of the experiments with quantum dots conjugated with COOH (both purified and unpurified) to WTK-1 cells, a human lymphoblast mutation strain [@bib101]. The vertical axis shows the lengths of the tails, and the horizontal axis shows the concentrations of the quantum dots. The concentration of the nanoparticles is 2 μM.Figure 7.3.8Cytotoxicity of nanoparticles by the Comet Assay. *TOPO*, trioctylphosphine oxide.

The results are as follows: the unpurified quantum dots with COOH caused damage to DNA. On the other hand, the electrophoresis with the purified quantum dots does not show DNA damage. This is probably because the DNA damage has been repaired during the longer cultivation time.

[Fig. 7.3.9](#f0120){ref-type="fig"} shows the results of DNA damage. The nanoparticles have been purified over and over again to get rid of impurities derived from the process of the surface conjugation. The concentrations are from 0.5 to 2 μM for 10^5^ cells. The cultivation time after the addition of the nanoparticles is 24 h. Hydrogen peroxide (aqua) is used as the positive control. The results show that DNA damage is not observed up to 2 μM. The same experiment was conducted with quantum dots conjugated with MUA and quantum dots-NH~2~ with an amino group. DNA damage was not observed in either case. The results indicate that as far as particles themselves do not break down, the cytotoxicity of quantum dots is derived from the chemical properties of the materials covering the quantum dots.Figure 7.3.9Microscopic study for the Comet Assay and the estimation of the cytotoxicity.

The safety evaluation of nanoparticles has not been conducted sufficiently. As indicated above, the procedure for surface conjugation could apply not only to Cd/Se nanoparticles but also to other nanoparticles. Today, various kinds of techniques for surface conjugations have been available in academic papers, proceedings, and on the Internet. Some of them are widely known and others are patented. Those techniques are all shared among the human race.

Even at this moment, the human beings are making breakthroughs in various fields and developing different kinds of technologies. Sharing these technologies will lead to still more speedy developments of yet more advanced technologies. To achieve it, these technologies should be so structured that different fields, for example, bioimaging and biotechnology, structured on their own, can be linked to each other. Such structured knowledge will play an essential part in merging different fields.

7.4. Removal of Nanoparticles {#sc0025}
=============================

7.4.1. Principle of Particle Removal {#s0205}
------------------------------------

Hitoshi Emi

To prevent nanoparticles release from a system so as to maintain environmental safety, the removal technique of nanoparticles must be established. In this section, separation techniques of particles from exhausted or suspended gas and liquid are described focusing on particles less than 100 nm.

Generally, as shown in [Fig. 7.4.1](#f0125){ref-type="fig"} , all particle separators for a dispersed system employ either one of three basic forms of particle separation. On the left-hand side of the figure lie the separation methods in which particles are collected only by force field (electrostatic force, centrifugal force, gravity force, etc.), and the representative separator is electrostatic precipitator (ESP). If some obstacles (collectors) are placed into the particle laden stream, particle separation is facilitated because particles are collected on obstacles with a smaller deviation from the fluid flow by the force exerting on the particles compared with the case without obstacles. Typical collectors of this form are air filter, deep bed filter, etc. On the right-hand side of the figure lie separators that collect particles utilizing only sieving effect of obstacles without any force field. In this case, geometrical size of channel between the obstacles must be smaller than that of particles. Membrane filter, fabric filter, etc., belong to this group.Figure 7.4.1Basic forms of particle separation. *ESP*, electrostatic precipitator.

When we apply the above collection forms to nanoparticles, the major collection mechanisms are Brownian diffusion and electrostatic force for particles in gas, whereas sieving effect and interception/adhesion forces for those in liquid.

7.4.2. Removal of Nanoparticles Suspended in Gas {#s0210}
------------------------------------------------

Hitoshi Emi

As mentioned above, most airborne particles are collected by separators utilizing various kinds of forces such as gravity, centrifugal force, electrostatic forces, inertia, Brownian diffusion force, and so on. Therefore, the migration velocities or displacement of a particle per second due to the individual forces gives the basis for the comparison of removal efficiencies due to each force. In [Fig. 7.4.2](#f0130){ref-type="fig"} , migration velocities of particles due to various forces are depicted against particle diameter at normal temperature and pressure for particle density of 1 g/cm^3^ [@bib102]. As seen from the figure, the velocities due to gravity, centrifugal force, and inertia monotonically decrease with decreasing particle diameter, suggesting that the removal of nanoparticles with these forces is difficult. On the contrary, the velocities due to Brownian diffusion and electrostatic forces increase with decreasing particle diameter for particles less than 100 nm. This suggests that Brownian diffusion and electrostatic forces are most effective in collecting nanoparticles.Figure 7.4.2Migration velocity of airborne particles under force fields.

[Fig. 7.4.3](#f0135){ref-type="fig"} summarizes typical conventional dust collectors. Among them, the effective collectors for nanoparticles are ESP and fabric/air filter. However, for the case of ESP, which relies on only electrostatic force, nanoparticles (\<10 nm) fail to carry even one electron resulting in low collection efficiency. In this case electrically charged filters are effective because we can expect the combined effects of electrostatic forces and Brownian diffusion.Figure 7.4.3Classification of particle separators.

Among charged filters, so-called electret filter, which consists of permanently polarized fibers, is the most favorable filter because of its charge stability. Particle penetration data of electret filter are plotted against particle diameter in [Fig. 7.4.4](#f0140){ref-type="fig"} and compared with that of uncharged filter with the same structure. For the three combinations of charged states of fiber and particle there exist the most penetrating particle diameters. For the uncharged fiber, collection efficiency of uncharged particle has a minimum at 100 nm and increases with decreasing particle diameter, showing that 100 nm is the most penetrating particle size. For the charged fiber, particle collection efficiency is very high even for uncharged particle, and the efficiency for charged nanoparticles is extremely high because of strong Coulombic force between fiber and particle. The experimental data plotted in [Fig. 7.4.4](#f0140){ref-type="fig"} are qualitatively in good agreement with the theoretical prediction following the particle size dependency on particle migration velocity (shown in [Fig. 7.4.2](#f0130){ref-type="fig"}).Figure 7.4.4Particle penetration of electrically charged filter.

However, as particle size becomes smaller and comparable with the size of a molecule, particles may rebound on a collector surface, and the adhesion probability of particles drops, resulting in a decrease in collection efficiency. [Fig. 7.4.5](#f0145){ref-type="fig"} is an example of experimental data that confirm the particle rebound [@bib103]. The figure shows the penetration of nanoparticles through a grounded circular tube. The solid curve is the theoretical line derived by assuming that particles are deposited from a laminar flow in a tube by Brownian diffusion. It is evident that experimental penetration deviates from the theoretical line for particles less than 2 nm. This means that molecular behavior begins to appear when the particle size becomes as small as 2 nm, and as a result, the collection efficiency is reduced.Figure 7.4.5Penetration of airborne nanoparticles through a circular tube.

It should be noted that considerable amounts of nanosized particles are contained in DEPs, possibly penetrating through the honeycomb-type (tubular channel) diesel particulate filters.

7.4.3. Removal of Nanoparticles in Liquid {#s0215}
-----------------------------------------

Eiji Iritani

There are two types of methods that differ in the way the nanoparticles in liquid are collected. The first group, called membrane filtration, constrains the particles by a membrane, and the liquid is allowed to flow freely through the membrane. In the second group of ultracentrifugation, the liquid is constrained in a rotating vessel, and the particles move freely within the liquid by an external field of acceleration caused by ultracentrifugal field. These methods have been quite extensively used in separation of macromolecules and molecules from liquid, and they are recently becoming important also in separation of nanoparticles from liquid.

### 7.4.3.1. Fouling Mechanism in Membrane Filtration {#s0220}

In pressure-driven membrane filtration processes, the pressure gradient across the membrane would force solvent and smaller species through the pores of the membrane, whereas the larger molecules/particles would be retained. Membrane filtration processes are usually classified into three general categories according to the size of separating components, as shown in [Fig. 7.4.6](#f0150){ref-type="fig"} . MF is designed to retain suspended particles in the range of 50 nm--5 μm. UF, on the other hand, retains macromolecules or nanoparticles in the range of 5--50 nm (nominal molecular weight cutoff \[NMWCO\] ranging from 5000--5,000,000 Da). NF is a relatively new process that uses charged membranes, and it covers molecular sizes ranging from 0.1 to 5 nm (NMWCO ranging from 200 to 1000). It is useful in that it can separate dissociated forms of a compound from the undissociated form. Figure 7.4.6Useful ranges of various membrane filtration processes.

One of the major factors limiting the use of membrane filtration is membrane fouling, resulting in a dramatic decline in flux with time of operation. To account for the membrane fouling, the resistance in series model is frequently employed. The resistance model becomes$$u_{1} = \frac{dv}{d\theta} = \frac{p}{\mu R_{\text{t}}} = \frac{p}{\mu\left( R_{\text{bm}} + R_{\text{c}} + R_{\text{cp}} \right)}$$where *u* ~1~ is the permeate flux, *v* is the filtrate volume per unit membrane area, *θ* is the filtration time, *p* is the applied transmembrane pressure, *μ* is the viscosity of the permeate, *R* ~t~ is the total resistance, *R* ~bm~ is the resistance of the membrane per se plus the clogging of the membrane pores, *R* ~c~ is the resistance of the filter cake, and *R* ~cp~ is the resistance of the concentration polarization layer. Significance of each resistance in membrane filtration is as follows.

The membrane, even in the absence of any suspended particle, has a natural flow resistance. During membrane filtration, particles become attached to the pore channel of the membrane thereby reducing the flow channel dimension, or pores become blocked off completely. The last two effects lead to resistances that are due to adsorption and pore blocking. The blocking filtration model introduced by Hermans and Bredée [@bib104] and Grace [@bib105] is most commonly used as an interpretation of such phenomena.

The clogging of the membrane pores is strongly influenced by such solution environment as pH and the ionic strength. The permeate flux of bovine serum albumin (BSA) (pI 5.1, molecular weight 67,000, Stokes--Einstein diameter 3.55 nm) solution by permeable MF membrane (nominal pore size 0.05 μm) is lowest at around the isoelectric point [@bib106]. As the BSA molecule carries no net charge at the isoelectric point, the molecule is in its most compact state at that point. The BSA molecules deposit themselves rather densely onto the pore walls of the membrane to form a compact configuration with a smaller lateral electrical interaction between the molecules. As a result of this, the flow resistance increases markedly at around the isoelectric point.

In dead-end membrane filtration, which has a feed and permeate stream, each with the same mass flow rate, the resistance of the filter cake plays a major part in the filtration resistance. Therefore, the cake filtration theory can be applied, and thus the permeate flux *u* ~1~ is described by$$u_{1} = \frac{p\left( 1 - ms \right)}{\mu\alpha_{\text{av}}\rho s\left( v + v_{\text{m}} \right)}$$where *m* is the ratio of wet to dry cake masses, *s* is the mass fraction of solids in the solution, *α* ~av~ is the average specific filtration resistance, *ρ* is the density of the permeate, and *v* ~m~ is the fictitious filtrate volume per unit membrane area, equivalent to the flow resistance of the membrane [@bib107].

For fine particle suspensions, colloidal forces that arise from interaction between the suspended particles control the nature of the filter cake. The average specific filtration resistance *α* ~av~ and the average porosity *ɛ* ~av~ of the filter cake are strongly affected by the solution properties, including pH and electrolyte strength. For instance, in MF of suspensions of the titanium dioxide (pI 8.1, the original mean specific surface area size 470 nm), *α* ~av~ goes through a minimum, and *ɛ* ~av~ is much larger near the isoelectric point [@bib108], as shown in [Fig. 7.4.7](#f0155){ref-type="fig"} . The titanium dioxide particles are destabilized around the isoelectric point where the van der Waals attraction is more dominant. Consequently, the particle tends to come together, that is, to flocculate, and the very porous flocs are then formed. Thus, it is speculated that the filter cake formed from such porous flocs has often loose and wet structures. On the other hand, the filter cake becomes compact and dry when the particle carries the charge. Because the most loose filter cake forms around the isoelectric pH, the filter cake is most permeable.Figure 7.4.7Effect of pH on average specific filtration resistance and average porosity of filter cake formed in microfiltration of titanium dioxide suspensions.

It is interesting to note that the results in protein UF had a distinctly different behavior. In protein UF of BSA solution, the filter cake is in its most compact state around the isoelectric point [@bib109], as shown in [Fig. 7.4.8](#f0160){ref-type="fig"} . Because the BSA molecules are hydrophilic colloids, their stability in the solution would appear to be influenced not only by the presence of a surface charge on the protein but also by hydration of the surface layers of the protein. The BSA molecules, because of hydrated layers surrounding them, are not destabilized by such consideration as depression of the electrical double layer. Thus, the BSA molecules have water bound to them even around the isoelectric point. The hydrophilic BSA molecules maintain a dispersed state in the solution due to hydration of the surface layers of the protein even around the isoelectric point. When a BSA molecule acquires a charge, the filter cake becomes loose and wet due to electrostatic repulsion between the charged BSA molecules. This contrasts to the compact filter cake around the isoelectric point. The average specific filtration resistance *α* ~av~ has a definite maximum around the isoelectric point because a compact filter cake provides a large hydraulic flow resistance.Figure 7.4.8Effect of pH on average specific filtration resistance and average porosity of filter cake formed in ultrafiltration of bovine serum albumin (BSA) solutions.

Most membrane filtration processes are operated in the cross-flow mode, in which the feed is moved tangentially to the membrane surface so that the filter cake is continuously sheared off. During membrane filtration, particles in the feed are brought to the upstream surface of the membrane by convective transport, and this results in a higher local concentration of the rejected particles at the membrane surface as compared with the bulk solution, which is referred to as concentration polarization [@bib110].

The particle concentration in the solution adjacent to the membrane varies from the value at the membrane surface, *C* ~m~, to that in the bulk feed solution, *C* ~b~, over a distance equal to the concentration boundary layer thickness *δ*. The resulting concentration gradient causes the particles to be transported back into the bulk solution due to diffusional effects. At steady state, the rate of convective transport of particle toward the membrane is balanced by the rate of particle transport through the membrane plus the rate of the diffusive back transport of particle. Thus, the permeate flux *u* ~1~ is given by$$u_{1} = k\ \ln\left( \frac{C_{\text{m}} - C_{\text{p}}}{C_{\text{b}} - C_{\text{p}}} \right)$$where *C* ~p~ is the particle concentration in the permeate, *k* (=*D*/*δ*) is the mass transfer coefficient, and *D* is the diffusion coefficient.

The osmotic pressure model assumes that the deviation from pure water flux occurs solely due to the osmotic pressure difference across the membrane, and thus the permeate flux *u* ~1~ is given by$$u_{1} = \frac{p - \left\{ {\pi\left( C_{\text{m}} \right) - \pi\left( C_{\text{p}} \right)} \right\}}{\mu R_{\text{m}}}$$where *π* is the osmotic pressure, which is a function of the concentration. [Eq. (7.4.4)](#fd7){ref-type="disp-formula"} means that the effective driving force across the clean membrane is *p *− {*π*(*C* ~m~) −* π*(*C* ~p~)}. Replacing *p *− {*π*(*C* ~m~) − π(*C* ~p~)} by the hydraulic pressure at the membrane surface, *p* ~m~, [Eq (7.4.4)](#fd7){ref-type="disp-formula"} reduces to the cake filtration equation.

### 7.4.3.2. Techniques for Controlling Membrane Fouling {#s0225}

To minimize the effects of cake buildup and concentration polarization, membrane filtration is usually conducted using the cross-flow geometry in which the feed flow is parallel to the membrane and perpendicular to the filtrate flow [@bib111]. However, especially in MF the energy requirements associated with pumping the feed (plus any recirculation flow) along the membrane surface are typically very high. Thus, there have been some innovations in recent years with cakeless filtration.

The rotating disk module in which the membrane disk is stationary is suited for large-scale operation [@bib112]. It is possible to enhance the permeate flux by using the vibrating modules [@bib113], [@bib114]. In the rotating cylinder device with the membrane on the inner rotating cylinder, counter-rotating Taylor vortices within the annular gap are available [@bib115], [@bib116]. Dean vortices that twist and spiral in the direction of flow inside a highly curved channel, similar to vortices in rotary modules, can result in enhanced flux [@bib117]. These vortices, or flow instabilities, induce turbulence into the system.

Periodic removal of the formed filter cake is also effective for enhancing the permeate flux. Recently, several methods have been investigated: back washing using the filtrate or air pressurization [@bib118], periodic rotation of the cylindrical membrane [@bib119], pulsatile flow [@bib120], and high-frequency transmembrane pressure pulsing with a frequency around 0.1--1 Hz [@bib121].

Dead-end upward filtration, where the filtrate flow is in the opposite direction to gravity, and dead-end inclined filtration, where the membrane is inclined, can reduce the cake formation onto the membrane in UF of nanoparticulate suspension and protein solutions. In upward UF of silica sol (mean diameter 6.2 nm) and BSA solution, a sustained permeate flux is achieved, as shown in [Fig. 7.4.9](#f0165){ref-type="fig"} [@bib122], [@bib123], because the filter cake overlying the membrane is exfoliated continuously under the gravitational force acting on the particles comprising the filter cake.Figure 7.4.9Permeate flux in dead-end upward ultrafiltration of silica sol and bovine serum albumin (BSA) solution.

### 7.4.3.3. Hybrid Operation With Membrane Filtration {#s0230}

Another approach for enhancing the permeate flux is to employ external force fields. Electrofiltration, in which an applied electric field is used to drive charged particles away from the membrane surface, has been developed. In electrofiltration, the accumulation of the particles on the membrane surface is limited by the imposed electrophoretic force. In addition, the permeate flux through the filter cake is dramatically enhanced due to electroosmosis as a secondary electrokinetic phenomenon. This method can be applied to a broad combination ranging from MF of particulate suspension such as bentonite [@bib124] to UF of protein solution. [Fig. 7.4.10](#f0170){ref-type="fig"} shows the reciprocal permeate flux (*dθ*/*dv*) versus the permeate volume per unit membrane area, *v*, for various values of the strength of the DC electric field, *E* [@bib125]. The steady permeate flux increases noticeably with the magnitude of the imposed field strength. In addition, a higher electric field strength causes the permeate flux to equilibrate more rapidly.Figure 7.4.10Permeate flux in electro-ultrafiltration of bovine serum albumin (BSA) solution.

A method has been developed for removing humic substances by hybrid UF combined with both flocculation and adsorption treatments, as shown in [Fig. 7.4.11](#f0175){ref-type="fig"} [@bib126]. Flocculation by use of polyaluminum chloride (PACl) is particularly effective for the removal of humic acids, which constitute the relatively high molecular weight fractions of humic substances, whereas adsorption by use of powdered activated carbon (PAC) is able to remove fulvic acids of relatively low molecular weight effectively, which cannot be fully flocculated by PACl. Hybrid UF in combination with flocculation and adsorption treatments exhibits high permeate quality because the flocs and PAC are easily retained by the UF membrane. Figure 7.4.11Mechanism of hybrid ultrafiltration (UF) of humic substances combined with both flocculation and adsorption treatments.

### 7.4.3.4. Ultracentrifugal Sedimentation {#s0235}

In ultracentrifugal sedimentation, ultracentrifugal force field of several tens of thousands of revolutions per minute is applied to a rotor. In recent years, ultracentrifugal sedimentation is employed for concentrating dilute protein solutions and for separating proteins and other large biological molecules from low molecular weight solutes or from much larger particles. [Fig. 7.4.12](#f0180){ref-type="fig"} shows the results for ultracentrifugal sedimentation of an aqueous solution of the mixtures of BSA and egg white lysozyme (pI 11.0, MW 14,300) measured using Schlieren optics in an analytical ultracentrifuge [@bib127]. The angular acceleration *ω* of the rotor is 5445 rad/s. The symbols *r* ~i~ and *r* ~i0~ in the figure represent the distances from the center of rotation to the sedimentation boundary at time *θ* and *θ* ~0~, respectively. The electrical nature of macromolecules plays a significant role in determining the sedimentation behavior in ultracentrifugation of binary protein mixtures. In the pH range where both protein molecules were electropositive, the molecules sediment independently due to the electrostatic repulsive force acting between BSA and lysozyme molecules.Figure 7.4.12Behaviors of ultracentrifugal sedimentation of binary protein mixtures at pH 4.4. *BSA*, bovine serum albumin.
